Colorectal carcinoma ranks third in incidence and cancer deaths in the United States in 2003 (Jemal et al., 2004) . Deaths from colorectal carcinoma almost invariably result from metastatic spread of the disease. While a cascade of molecular alterations is required for the development of metastases, one of the critical steps in the process is increased cellular migration. To study signal transduction pathways responsible for increased migration and metastasis in colon tumor cells, we established migratory variants of the low migratory SW480 human colon adenocarcinoma cells. We then determined alterations in gene expression responsible for increased migration of these biologically selected cells. A modified Boyden chamber system (Albini et al., 1987) was used to select SW480 cells of increased migratory potential. One hundred thousand SW480 parental cells suspended in complete media were seeded in the top chamber. After 72 h, the cells that had migrated through the pores, detached from the filter, and were growing on the bottom of the dish were trypsinized and expanded. This selection process was repeated twice, each time starting with the line generated from the previous selection, resulting in the establishment of cell populations selected three times for increased migration. As shown in Figure 1a , each selection resulted in a subline that was more migratory than the line from which it was generated. The lines from the first selection were termed SW480mmig1, and demonstrate a 1.7-fold increase in migration with respect to SW480 (P ¼ 0.0074); the lines from the second selection were termed SW480mmig2, with a 3.2-fold increase with respect to SW480 (P ¼ 0.0078); and the third were termed SW480mmig3, and demonstrate a 3.6-fold increase in migration with respect to SW480 (Po0.0001). The migration selection process was ended after the third selection because a fourth selection did not result in a cell population further increased in migratory potential (data not shown).
To characterize the migratory variants, expression, phosphorylation, and/or activity of FAK, Src, PI3 Kinase, and Cas were examined. No obvious differences in these signaling molecules were observed in the migratory variants versus parental cells (data not shown). We next examined the expression of Tiam1, a guanine nucleotide exchange factor implicated in promoting migration in several cell types. As shown in Figure 1b , while SW480mmig1 expresses approximately equivalent Tiam1 protein to SW480 parental cells, SW480mmig2 has elevated Tiam1 expression with respect to SW480mmig1, and SW480mmig3 is elevated in Tiam1 protein with respect to SW480mmig2. Therefore, cells biologically selected for increased migration overexpress Tiam1 protein, and expression correlates with migratory capability.
From the final selection, three sublines were developed independently. Each was increased in migration (Po0.05) relative to the parental line. One of these lines (SW480mmig3) was expanded further and single cell cloned. Three clones, termed SW480mmig3 Clone1, SW480mmig3 Clone6, and SW480mmig3 Clone8, were obtained and are significantly increased in migration (six-to nine-fold, Po0.05), with respect to the parental SW480 line (Figure 1c) . Immunoblotting was performed on SW480 and SW480mmig3 Clones 1, 6, and 8 for Tiam1. As shown in Figure 1d , Tiam1 protein expression is approximately four-to five-fold increased in all the migratory clones when compared to SW480 parental. To determine if increased protein expression were due to increased steady-state levels of Tiam1 mRNA, Northern blotting was performed. Each of the clones is increased approximately four-to five-fold in Tiam1 mRNA levels with respect to parental cells (Figure 1e) , consistent with the increased protein expression. Selected clones have been stable in Tiam1 overexpression for more than 30 passages.
To determine if the Tiam1 overexpression were sufficient to induce migration in SW480 colorectal carcinoma cells, SW480 parental cells were transfected with a plasmid encoding the Tiam1 C1199HA protein (Figure 2b ). The transfected plasmid encodes for the Cterminal 1199 amino acids of the Tiam1 protein, while the endogenous protein is 1591 amino acids (Figure 2a ). This truncated construct was chosen due to previous results demonstrating that full-length expression of Tiam1 inhibits cell growth, yet the truncated construct does not inhibit growth, and contains the majority of the domains of the full-length construct (van Leeuwen et al., 1995) . In addition, the C1199 construct contains all of the necessary domains for protein localization to the membrane Stam et al., 1997) . Several clones expressing the HA-tagged Tiam1 construct, as confirmed by immunoblotting, were obtained. Two of these were chosen randomly for further study. Expression of the HA-tagged Tiam1 constructs in these clones is shown in Figure 2c .
Clones ectopically expressing this Tiam1 construct were examined for migratory potential in the Boyden Chamber migration assay. As show in Figure 2d , and for the sublines selected for increased migratory potential, SW480mmig1, SW480mmig2, and SW480mmig3. Confluent dishes of cells were washed twice with phosphate-buffered saline and lysed on ice in radioimmunoprecipitation assay lysis buffer with a Protease Inhibitor Cocktail tablet and 30 mg was resolved by SDS-PAGE and immunoblotted as described previously (Windham et al., 2002) . (c) Cells that had migrated after 48 h through the filter and attached to the bottom of the filter were stained and counted. This figure illustrates the average number of cells migrating in five 200 Â fields for SW480 and SW480mmig3 Clone1, SW480mmig3 Clone 6, and SW480mmig3 Clone 8. The results represent the average and standard deviation of three independent assays. (d) Immunoblotting for Tiam1 was performed on SW480, SW480mmig3 Clone1, SW480mmig3 Clone6, and SW480mmig3 Clone8. Whole-cell lysates were resolved and transferred as described in (b) . (e) Northern Blotting was performed on SW480, SW480mmig3 Clone1, SW480mmig3 Clone6, and SW480mmig3 Clone8 with 5 mg of mRNA. The Tiam1 probe was designed by digesting the pcDNA3 C1199 plasmid with the restriction enzymes EcoRI and NcoI to produce a 545 bp fragment. Probes were labeled and Northern Blots were performed as described previously (Ellis et al., 1998) Tiam1 increases in vivo growth of colon carcinoma cells ME Minard et al 2TClone 65 and 2TClone68 are 10-to 14-fold increased in migration with respect to vector-transfected cells. These results demonstrate that overexpression of Tiam1 alone is sufficient to increase migration in SW480 colon carcinoma cells, and that the critical domains involved in Tiam1-mediated migration are present in the C1199 construct.
To examine the effect of increased Tiam1 on tumor growth and metastasis in vivo, 2.0 Â 10 6 cells from parental SW480, biologically selected clone mmig3 Clone1, and the Tiam1-transfected clone 2TClone68 were injected orthotopically into the cecal wall of athymic nude mice. The results of these experiments are shown in Table 1 . SW480 cells did not produce detectable tumors in any mice, either at the orthotopic injection site or in other organs, consistent with results of others (Hewitt et al., 2000) . In contrast, while no mice from the clones with increased Tiam1 expression developed gross, macroscopic tumors in the cecum, four of the nine mice injected with mmig3 Clone1, and five of the eight mice injected with 2TClone68 had tumor growth in their spleens, livers, and/or lungs. An example of a spleen from an SW480mmig3 Clone 1-injected mouse is shown in Figure 3a . Multiple foci of small tumors are observed throughout the spleens of mice that developed tumors. Similarly, by hematoxylin and eosin staining, additional microscopic clusters of tumor cells were observed in the spleen (Figure 3b ). To confirm that the tumors arose from the injected cells, tumor sections from spleens of mice injected with 2TClone68, and SW480 as a control, were stained for the HA tag. As shown in Figure 3c , the tumor cells in the spleen from a 2T68-injected mouse express the HA tag in the cytoplasm, while no cells in the SW480-injected mouse spleen stain positive for the HA tag. In addition, a spleen from a 2TClone68-injected mouse incubated without primary antibody showed no staining. These results demonstrate that the splenic tumors resulted from the Tiam-1 transfected clones. Taken together, these results indicate that increased Tiam1 expression is sufficient to increase both migration and metastasis in colon carcinoma cells.
As one of Tiam1's known functions is as a guanine nucleotide exchange factor for Rac, we examined GTPbound (active) Rac in parental SW480, biologically selected SW480mmig3 Clones 1 and 6, and Tiam1-transfected clones 65 and 68. GTP-bound Rac was assessed by pull-down assays with the p21-binding domain of PAK-1. As shown in Figure 4a , when cells were serum-starved overnight and then stimulated with complete media for 10 min, Rac activity was minimally increased (to 1.5-fold) in the biologically selected clones compared to SW480, as well as in the Tiam1-transfected clones, relative to vector-transfected cells. Similar results were seen for GTP-bound Rho (Figure 4b) , by pull down assays with Rhotekin, and for Rac when cells were treated with 100 nM PMA (data not shown). The modest increases in GTP-bound Rac in Tiam1 overexpressing SW480 cells are likely due to high intrinsic GTP-bound Rac in these cells, the result of the expression of an activated K-Ras (Capon et al., 1983) .
These results suggest the possibility that Tiam1 may have Rac-dependent and Rac-independent functions, and are consistent with other studies on Tiam1 function. In vitro, Tiam1 acts as an exchange factor for Rac1 and Cdc42, and to a lesser extent, for RhoA. In vivo, Tiam1 acts as an exchange factor primarily for Rac1 . A strong direct correlation was found Tiam1 increases in vivo growth of colon carcinoma cells ME Minard et al between the levels of Tiam1 and Rac mRNA expression and migration potential in four ovarian tumor cell lines (Wu et al., 2003) . Activated Ras and Tiam1 can cooperate to induce Rac activation (Lambert et al., 2002) . Tiam1-deficient mice are resistant to classic skin tumorigenesis assays in which Ras is activated , demonstrating that Tiam1 can be an important mediator of Ras-induced tumorigenesis and/ or tumor progression. Recently, Tiam1 has shown to be tyrosine phosphorylated in NIH 3T3 cells transformed with activated Src (v-Src), and cooperates with v-Src to induce Rac activation, required for transformation in this system (Servitja et al., 2003) . Both Ras and Src activation are common in colon cancer, with approximately 50% of colon tumors harboring an activated Ras gene (Bos et al., 1987) , and nearly 80% increased in Src activity (Talamonti et al., 1993; Frame, 2002; Summy and Gallick, 2003) . Thus, Tiam1 may cooperate with activation of both the Src and Ras signaling pathways in driving tumor progression.
While Rac activation has been implicated in many of the above processes, Tiam1 is likely to have Racindependent functions. Tiam1 is highly conserved, and is expressed in virtually all murine tissues that have been examined . As shown in Figure 2a , in addition to the Dbl-homologous (DH) domain, which is involved in GDP-GTP exchange, Tiam1 contains a myristoylation site at the N-terminus, two PEST domains, and two pleckstrin homology (PH) domains (Habets et al., 1994) . Tiam1 also contains a discs-large homology region (DHR) (van Leeuwen et al., 1995) . Two additional regions in the Tiam1 protein, a coiledcoiled (CC) domain and another region termed Ex are immediately adjacent to the PHn domain . While most GNEFs have only one PH domain (PHc) (Whitehead et al., 1997) , Tiam1 has two PH domains. Thus, PHn domains may be involved in Racindependent functions of Tiam1.
The complex interactions of Tiam1 likely account for its different effects on migration in different cell types. ) were inoculated intracecally. Prior to implantation, cells were washed, and enzymatically and physically removed from the tissue culture dishes. Viability of cells was determined by trypan blue exclusion. Mice were anesthetized by Methoxyfluorane, and cells were injected in a volume of 0.05 ml. Incisions were closed with surgical staples, which were removed after 1 week. Mice were killed when moribund or after 22 weeks. Spleens and livers were removed and fixed in formalin, and spleens containing tumors were also quick-frozen in liquid nitrogen. (a) Photograph of a representative spleen from a mmig3 Clone1-injected mouse. Yellow arrows point to tumor nodules. (b) H and E staining of formalin-fixed, paraffin-embedded spleen sections from an uninjected mouse, and mice injected with SW480, mmig3 Clone1, and 2TClone68. Yellow arrows indicate some of the clusters of tumor cells in the mmig3 Clone1 and 2TClone68 sections. (c) Formalin-fixed, paraffin-embedded sections were stained with an antibody to the viral hemagglutinin protein, which was used as a tag on the c-terminus of the Tiam1 construct used for tranfection. Primary antibody was visualized by incubation with a cy5-conjugated secondary antisera (goat anti-rabbit) Tiam1 increases in vivo growth of colon carcinoma cells ME Minard et al For example, several studies have demonstrated that Tiam1 promotes cellular adhesion and/or decreased migration (Hordik et al., 1997; Sander et al., 1999; Engers et al., 2000 Engers et al., , 2001 . In contrast, other studies have demonstrated that overexpression of Tiam1 increases migration in several cell types (Ehler et al., 1997; van Leeuwen et al., 1997; Bourguignon et al., 2000a, b; Fleming et al., 2000) . Recently, upregulation of Tiam1 was associated with increased migration in vitro, and increased invasion in vivo, of B88t oral squamous cell carcinoma cells following downregulation of p27Kip1 (Supriatno et al., 2003) . Further, Tiam1 was first isolated by a retroviral insertion strategy to select for increased invasiveness of T lymphoma cells (Habets et al., 1994) .
Nearly all tumor cell lines examined express Tiam1 . N-terminal truncation of the Tiam1 protein in NIH 3T3 cells activates its oncogenic potential, similar to other DH-containing proteins. In addition, a plasmid encoding the C-terminal 1199 amino acids of Tiam1 transfected into NIH 3T3 cells produces tumors in nude mice (van Leeuwen et al., 1995) . Increased Tiam1 expression correlates with increased grade of human breast tumors (Adam et al., 2001 ) and breast tumor cell lines selected for increased metastatic potential are increased in Tiam1 expression (Minard et al., 2004) .
The results presented here not only demonstrate increased migratory potential of Tiam1 overexpressing cells, they are the first to indicate that Tiam1 overexpression contributes to the development of metastases in colon tumor cells. No previous studies examined the potential role(s) for Tiam1 in regulation of colon tumor cell migration and potential roles of Tiam1 in colon tumor progression. The SW480 and migratory, metastatic variants described in this study therefore provide a novel model to further study roles of Tiam1 in promoting the metastatic phenotype.
